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MiR-140-5p targets Prox1 to regulate the proliferation and
differentiation of neural stem cells through the ERK/MAPK
signaling pathway
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Background: The expression of miR-140-5p increased in the brain tissue of a bilateral common carotid
artery ligation model, while the overexpression of miR-140-5p significantly decreased the number of
neurons. The luciferase report experiment in the previous study proved that miR-140-5p negatively
regulated one of the potential targets of Prospero-related homeobox 1 (Prox1). Therefore, we want to
investigate the effect of miR-140-5p on the proliferation and differentiation of neural stem cells (NSCs) and
the underlying mechanism.

Methods: Primary NSCs were extracted from pregnant ICR mice aged 16-18 days and induced to
differentiate. After transient transfection with miR-140-5p mimic and inhibitor into NSCs, the cells were
divided into five groups: blank, mimic normal control, mimic, inhibitor normal control, and inhibitor. Cell
Counting Kit-8 (CCK-8) and 5-Bromo-2-deoxyUridine (BrDU), Ki-67 were used, and the diameter of
neural spheres was measured to observe proliferation ability 48 h later. Doublecortin (DCX), glial fibrillary
acidic protein (GFAP), microtubule-associated proteins 2 (MAP-2), synapsin I (SYN1), and postsynaptic
density protein-95 (PSD-95) were stained to identify the effect of miR-140-5p on the differentiation ability
of NSCs into neural precursor cells, astrocytes, and neurons and the expression of synapse-associated
proteins. The expression of miR-140-5p, Prox1, p-ERK1/2, and ERK1/2 was analyzed by real time
quantitative polymerase chain reaction (RT-qPCR) and Western blot analysis.

Results: While the expression of miR-140-5p decreased after NSC differentiation (P<0.05), the results
of CCK-8, BrDU, and Ki-67 staining showed no significant difference in cell viability and the percentage
of NSCs with proliferation ability (P>0.05). However, the neural spheres were shorter in the miR-140-
5p overexpression group (P<0.05) and the expression of DCX, MAP2, synapsin I, and PSD-95 decreased,
while the expression of GFAP increased after differentiation in the mimic group (P<0.05). In addition, the
expression of Prox1 decreased and the expression of p-ERK1/2 protein increased (P<0.05), but the expression
of ERK1/2 showed no significant difference (P>0.05) in the miR-140-5p overexpression group.
Conclusions: MiR-140-5p reduced the proliferation rate of NSCs, inhibited their differentiation into
neurons, produced synapse-associated proteins, and promoted their differentiation into astrocytes. MiR-140-
5p negatively regulated downstream target Prox1 and activated the ERK/MAPK signaling pathway.
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Introduction

Cognitive impairment and depression are common
complications after stroke, but effective diagnosis and
treatment methods are still lacking and the pathogenesis
is unclear (1). As a noncoding RNA, microRNA
(miRNA) is a short RNA molecule with a length of 20-22
nucleotides which plays a role in post-transcriptional
regulation, leading to the degradation of target mRNA
and transcription inhibition (2). MiRNA could regulate
the expression of multiple downstream target genes
and was an excellent blood biomarker for diagnosing
diseases (3). At present, miRNA has been reported to be
involved in the pathogenesis of a variety of diseases, such
as stroke, depression, and cognitive impairment (4). In
the past few years, some studies have found that miRINA
expression is abnormal in stroke patients.(5) More than
20% of miRNAs have changed in ischemic brains, which
affect multiple physiological and pathological processes,
such as proliferation, hematopoiesis, metabolism, immune
function and depression after stroke.(6) MiRNAs can be
used as biomarker for stroke prognosis, diagnosis and
treatment. For example, miR-124 increased significantly
6 hours later and remained elevated 48 hours in the rat
cerebral infarction model (7). Another study showed that
there is a negative correlation between the brain ischemia
and circulating miR-210 level (8).

Our previous studies on the miRNA expression profile
demonstrated that miRNA-140-5p (miR-140-5p) was
highly expressed in patients with depression after stroke,
and its expression was positively related to the severity of
depression (9). MiR-140-5p was also upregulated in a mouse
bilateral common carotid artery ligation model (BCCAO)
in vivo and its overexpression could inhibit neurogenesis in
the hippocampus of BCCAO mice and aggravate cognitive
impairment. A dual-luciferase experiment confirmed that
miR-140-5p inhibited neurogenesis by downregulating
its direct target Prospero-related homeobox 1 (Prox1).
However, its specific mechanism in neurogenesis is still
unknown.

Neural stem cells (NSCs) are self-renewing pluripotent
stem cells that divide asymmetrically and can differentiate
into neurons, astrocytes, and oligodendrocytes and
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only exist in two limited areas of the adult brain; the
subventricular zone (SVZ) and the subgranular zone (SGZ)
in the hippocampus (10). Neurogenesis encompasses
multiple processes including neural stem cell proliferation,
neuronal differentiation, and cell fate determination. The
produced new neurons formed complex neuronal circuits
after neurogenesis (11).

Neurogenesis originates from neural stem cells and
produces new functional neurons, which is the basic process
of embryonic neurodevelopment and plasticity of the
adult brain. Neurogenesis starts from neuroepithelial cells
(NE), which have ability of self-renewal and symmetrical
division (12). Then neuroepithelial cells differentiate into
radial glial cells (RG), which divide asymmetrically to
produce a descendant RG cell and an intermediate neural
progenitor cell (IPC). In the end, IPC can differentiate into
neurons (13).

However, neurogenesis occurs at a very limited rate
in healthy adult mammals and many neurons, astrocytes,
and oligodendrocytes are damaged after acute ischemic
stroke. Some pathological injuries such as cerebral
ischemia can stimulate neurogenesis in the central nervous
system and lead to increased proliferation, migration,
and differentiation of NSCs and neural progenitors.
Endogenous neurogenesis does not supply enough cells
to repair neurological damage caused by major events
such as stroke because of the limited renewal capacity
and loss of neurocytes (14). Stem cell therapy may have
a neuroprotective effect through the secretion of various
neurotrophic factors and the replacement of damaged
neurons (15). Therefore, exogenous NSC transplantation
therapy is a possible way to recover neurological function
after stroke (16,17). However, the basic mechanism
underlying the recovery and improvement in neurological
function in stem cell therapy is still unclear at present and
how to regulate NSC proliferation, differentiation, and
cell fate determination is important for improving the
efficiency of exogenous NSC transplantation (18).

Transcription factor Proxl is an miR-140-5p target
and a key regulator of neurogenesis in the embryonic
and adult central nervous system. By regulating the
proliferation and differentiation of NSCs, it promotes cell
cycle exit and differentiation into neurons and inhibits the

Ann Transl Med 2021;9(8):671 | http://dx.doi.org/10.21037/atm-21-597



Annals of Translational Medicine, Vol 9, No 8 April 2021

Table 1 The sequences of miR-140-5p mimic and inhibitor

Name Sequence

miR-140-5p mimic 5'-UUGUACUACACAAAAGUACUG-3'

normal control 5'-GUACUUUUGUGUAGUACAAUU-3'
miR-140-5p mimic  5'-CAGUGGUUUUACCCUAUGGUAG-3'
5'-CUACCAUAGGGUAAAACCACUG-3'

miR-140-5p inhibitor
normal control

5'-CAGUACUUUUGUGUAGUACAA-3'

miR-140-5p inhibitor ~ 5'-CUACCAUAGGGUAAAACCACUG-3'

production of astrocytes (19). During adult hippocampus
neurogenesis, Proxl is necessary to maintain the
differentiation and maturation of intermediate progenitor
cells and glutamatergic central neurons (20). In addition,
highly expressed Prox1 can activate the MAPK pathway to
promote the growth and extension of glial cell neurites in
Drosophila (21). Bioinformatics analysis also showed that
miR-140-5p-predicted target genes were mainly enriched
in the rat sarcoma/rapidly accelerated fibrosarcoma
(Ras/Raf)-MEK-ERK mitogen-activated protein kinase
(MAPK) signaling pathway, which was the key cell-signaling
pathway controlling axon outgrowth (22).

Therefore, it was hypothesized that miR-140-5p could
regulate NSC function via targeting Prox1 and regulating
the ERK/MAPK signaling pathway. The key signal axis
that regulated neurogenesis was discovered, which helped
in promoting the proliferation and differentiation of NSCs
and improving the effectiveness of stem cell therapy to
treat central nervous system diseases in the brain. We
presented the following article in accordance with the
Animal Research: Reporting In Vivo Experiment (ARRIVE)
reporting checklist (available at http://dx.doi.org/10.21037/
atm-21-597).

Methods

All animal experiments were performed in accordance with
the guidelines for animal care and the research protocol for
this study was approved by the Institutional Animal Care
and Use Committee of Shanghai Jiao Tong University,
Shanghai, China.

Cell culture and induced differentiation

Fetal mice were taken from the uterus of institute of cancer
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research (ICR) strain mice aged E16-18 days (Leigen,
Shanghai, China). Brain tissue was digested into single cells
in suspension with 1:1 trypsin-(EDTA) (Gibco, CA, USA)
and phosphate buffer saline (PBS) after peeling off the
meninges and bleeding points from the brain. The cells were
then cultured with a seeding density of 30x10° cells/mL.
The NSC culture medium included 97% DMEM/F12
(Gibco, CA, USA), 1% B27 (Gibco, CA, USA), 20 ng/mL
epidermal growth factor (EGF) (Peprotech, NJ, USA),
20 ng/mL basic fibroblast growth factor (bFGF) (Peprotech,
NJ, USA), 1% GlutaMAX (Gibco, CA, USA), and 1%
penicillin/streptomycin (P/S) (Gibco). NSCs gradually
proliferated and converged into neural spheres with
different diameters over time when cultured in a suspension
and were passaged with Accutase cell dissociation reagent
(Gibco) for 10 min approximately 4 days later with the
centrifuge tube shaken every 2 min. The cells were then
seeded on a culture plate coated with 0.1 mg/mL Polylysine
(PDL) (Sigma, USA) after digestion on the seventh day
following isolation and single NSCs adhered to the culture
plate and started differentiating. The induced differentiation
medium contained 97% Neurobasal Medium (Gibco, CA,
USA), 2% B27, 1% Glutamax (Gibco, CA, USA), and 1%
P/S. NSCs gradually protruded into longer neurites and
their cell morphology changed during differentiation.

Cell transfection

Cells in the MiR-140-5p mimic normal control (nc),
mimic, inhibitor, and inhibitor normal control (nc) groups
(Sangong, Shanghai, China) with green fluorescence
(GFP) were separately diluted with NSC culture medium
and mixed with Lipofectamine 2000 (Thermofisher, CA,
USA) for 20 min. Their final concentrations were 50, 50,
100, and 100 nM, respectively. The blank group were
then transfected with Lipofectamine 2000 solution only
(Thermofisher, CA, USA), while mice in the other four
groups were transfected with miR-140-5p mimic nc, mimic,
inhibitor, and inhibitor nc, respectively with the medium
changed after 6-h transient transfection. GFP was observed
through an inverted fluorescence microscope, and RNA and
protein were extracted to perform RT-qPCR and Western
blot analysis 48 h later. The sequences of miR-140-5p
mimic and inhibitor were as follows (Table 1).

Immzmoﬂuores cence

NSCs were seeded on the cell slide after being coated
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Table 2 The list of antibodies used in this study

Ding et al. miR-140-5p regulates neurogenesis

Antibody name Source Dilution rate Manufacturer Country of Origin
nestin Rabbit 1:200 Beyotime China
BrDU Mouse 1:200 Servicebio China
Ki-67 Mouse 1:500 Abcam UK

GFAP Rabbit 1:500 Servicebio China

DCX Rabbit 1:500 Servicebio China
MAP-2 Mouse 1:500 Millipore USA
Synapsin | Rabbit 1:500 Millipore USA
PSD-95 Rabbit 1:500 Servicebio China
Prox1 Rabbit 1:500 Abcam UK

with Poly-D-lysine (PDL) (Sigma) for 6 h and each
24-well plate was inoculated with about 1x10° NSCs.
Immunofluorescence staining was performed 48 h later.
First, the cells were fixed with 4% paraformaldehyde for
10 min at room temperature, incubated with 0.3% Triton
X-100 to permeabilize for 10 min, and blocked with 10%
bovine serum albumin (BSA) at room temperature for
1 h. Cells were then incubated with primary antibodies
including polyclonal rabbit nestin (1:200, Beyotime,
Shanghai, China), mouse 5-Bromo-2-deoxyUridine(BrDU)
(1:200, Servicebio, Wuhan, China), mouse Ki-67 (1:500,
Abcam, UK), rabbit glial fibrillary acidic protein (GFAP)
(1:500, Servicebio), rabbit Doublecortin (DCX) (1:500,
Servicebio), mouse Microtubule-associated proteins 2
(MAP-2) (1:500, Millipore, MA, USA), rabbit synapsin I
(1:500, Millipore), rabbit Postsynaptic density protein-95
(PSD-95) (1:500, Servicebio) and Prox1 (1:500, Abcam,
UK), for 12-14 h at 4 °C on a shaker. The secondary
antibody was Alexa 488/555-conjugated donkey anti-rabbit/
mouse (1:500, Beyotime). Finally, 10 pLL of the mounting
medium containing 4,6-diamino-2-phenyl indole (DAPI)
was added to observe the result under a laser scanning
confocal microscope, and images were taken. Every time
new reagent was added, the cells were washed with PBS
three times for 5 min.

After BrDU staining, DNA hydrolysis was performed
before the cells were blocked and the cells were incubated
with IM HCI for 10 min at room temperature, 2M HCI
for 20 min, and 0.1M sodium borate buffer (pH 8.5) for
30 min. The ratio of BrDU" and Ki-67" cells to the total
DAPI" cells was calculated to evaluate the proportion of
NSCs with proliferation ability in different groups. In
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addition, the mean fluorescence intensity of DCX, MAP-2,
and GFAP was measured with Image] software to detect
any difference in expression in the five groups. The list of
antibodies used in this study is as follows (7able 2).

Cell Counting Kit-8 (CCK-8) assay

The cells were seeded in a 96-well plate coated with PDL
for 6 h with each group having five repeated wells with
2,000 cells/well. After the cells adhered to the undersurface,
they were transfected with miR-140-5p mimics and
inhibitors. Then, 90 pL. of NSC culture medium and
10 pL of CCK-8 aliquot were mixed, and NSCs were
incubated for 1.5 h at 37 °C after 48-h transfection. The
absorbance was detected at 450 nm in the five groups and
the cell viability was calculated using the following formula:
(experiment group — blank well)/(control well — blank well)
x100%. The blank well contained no cells. GraphPad Prism
8 software was then used to draw histograms and perform
analysis of variance (ANOVA).

RT-gPCR

The cells were seeded in a six-well plate coated with PDL
for 6 h with each cell containing 2x10 cells. TRIzol reagent
(Invitrogen, CA, USA) was used to extract RNA after 48-h
transfection. The RNA concentration was determined with
a NanoDrop 2000 spectrophotometer (Thermofisher, CA),
and 500 ng RNA from each group was taken to perform
reverse transcription using a miRNA First Strand ¢cDNA
Synthesis kit (Vazyme, Nanjing, China). Polymerase chain
reaction (PCR) amplification was performed using a real-
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Primer name Sequence

miR-140-5p reverse transcription
miR-140-5p forward

U6 reverse transcription

U6 forward

U6 reverse

5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTACCA-3'
5'-CGCGCAGTGGTTTTACCCTA-3'

5'-AACGCTTCACGAATTTGCGT-3'

5'-CTCGCTTCGGCAGCACA-3'

5'-AACGCTTCACGAATTTGCGT-3'

time RT-PCR system (7900 HT, ABI, CA, USA) with a
miRNA Universal SYBR qPCR Master Mix kit (Vazyme).
The miR-140-5p relative expression was calculated using
the 27*“" formula with U6 as the internal reference
gene and GraphPad Prism 8 software was used to draw
histograms and perform ANOVA. The sequences of primers
were as follows (Tuble 3).

Western blot analysis

Cells were seeded in a six-well plate, with 1x10° cells/well.
Proteins were collected with RIPA lysis buffer (Sigma),
supplemented with 1x protease inhibitor cocktail (Sigma), 1x
Phenylmethylsulfonyl fluoride (PMSF) (Thermofisher), and
Ix phosphatase inhibitor (Thermofisher). A bicinchoninic
acid (BCA) Protein Quantitative Kit (Beyotime) was used to
detect the protein concentration. The protein sample amount
in each group was 30 pg for electrophoresis at 120 V (Bio-
Rad, CA, USA) and 0.2-pm polyvinylidenefluoride (PVDF)
membrane was used for 1.5 h at 300 mA. The membranes
were blocked with 10% BSA, and incubated with primary
antibodies, such as polyclonal rabbit GAPDH (1:2,000,
Servicebio), Prox1 (1:2,000, Abcam, UK), p-ERK1/2
(1:2,000, CST, MA, USA), and ERK1/2 (1:2,000, CST).
Subsequently, the membranes were incubated with the
anti-rabbit HRP-conjugated secondary antibody (1:3,000,
Servicebio) for 1 h and then reacted with enhanced
chemiluminescence liquid (Beyotime). The results were
observed using a Chemiluminescence Imager (Bio-Rad),
and the relative intensity was calculated using the Image]
software (NIH, MD, USA) using GAPDH as the internal
control. GraphPad Prism 8 software was used to draw
histograms and perform ANOVA.

Statistical analysis

Images were processed, the cells counted, and the average
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fluorescence intensity was measured using Image] software.
GraphPad Prism 8 software was used to draw histograms
and perform the Student # test and one-way ANOVA was
used to analyze the differences between the five groups.
SPSS version 26 was used to perform the Student-
Newman-Keuls (SNK) test when multiple groups were
compared after transfection in different groups. All data
were expressed as mean = standard deviation and differences
were considered significant at P<0.05.

Results
Experimental timeline

Primary NSCs were isolated from mice after transfecting
miR-140-5p mimic and inhibitor into NSCs. The
proliferation ability and differentiation into astrocytes,
neurons, and synaptic-associated proteins were examined
in different groups. The mechanism by which miR-140-5p
influenced the potential target of transcription factor Prox1
and ERK/MAPK signaling pathway was also studied. The

experimental timeline of this study is showed in Figure 1.

NSC culture, identification, and differentiation in vitro

NSCs were isolated from pregnant ICR mice aged
16-18 days. As NSCs gradually proliferated, they
accumulated and became neural spheres with different
diameters and the bright-field image is shown in the top
left corner of Figure 24 and one generation of cells were
passaged every 3—4 days. The original NSC culture medium
was aspirated, and a new induced differentiation medium
was added to the culture plate. About 3 days later, some
NSCs differentiated into neural precursor cells and about
7 days after differentiation, they became neurons and
astrocytes. The cell morphology was observed within 7 days
during the differentiation process (Figure 2A4).

The RNA was also extracted to determine the expression
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Figure 1 Experimental timeline of this study. Neural stem cells (NSCs) were passaged on the fourth day after isolation and transfected with

140-5p mimics and inhibitors on the seventh day. On the ninth day, some NSCs were taken to analyze the proliferation ability in each group.

Protein and RNA samples were also extracted for Western blot analysis and RT-qPCR. The remaining NSCs were induced to differentiate

on the ninth day. The cells were stained with doublecortin (DCX) on the 12th day, that is, after 3 days of differentiation. Microtubule-

associated proteins 2 (MAP-2), glial fibrillary acidic protein (GFAP), Synapsin I, and postsynaptic density protein-95 (PSD-95) were stained

on the 16th day, that is, after 7 days of differentiation.

of miR-140-5p at four different time points during this
process. The expression of miR-140-5p decreased compared
with that before differentiation (P<0.05), but it remained
basically unchanged thereafter (Figure 2B).

Nestin is a cytoskeleton protein and the marker of
NSCs. P, NSCs were removed and inoculated on cell
slides for DAPI staining and nestin immunofluorescence
(Figure 2C) and the bright-field co-staining of DAPI
confirmed the cells were NSCs. Doublecortin (DCX)
staining was successfully performed after 3 days of
differentiation. Glial fibrillary acidic protein (GFAP) and
microtubule-associated proteins 2 (MAP-2) staining was
performed after 7 days of differentiation and were the
specific markers of neural precursor cells, astrocytes, and
neurons (Figure 2C).

Transient transfection of miR-140-5p into NSCs

MiR-140-5p mimic and inhibitor with green fluorescent
(GFP) were transfected into NSCs for 48 hours and green
fluorescence was seen under the microscope (Figure 3A).
RNA samples were also extracted from the five groups to
perform RT-qPCR, confirming that miR-140-5p expression
was upregulated in the mimic group, while miR-140-
5p expression was downregulated in the inhibitor group
(P<0.05). No significant difference was observed among the
other three groups (P>0.05) (Figure 3B). The co-localization
of the bright field and green fluorescence of NSCs indicated
successful transfection (Figure 3C).
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MiR-140-5p reduced the proliferation rate, not the ratio of
NSCs

NSCs have self-renewal ability through asymmetrical
division and differentiation into neurons and glial
cells (15). Four different methods were used to examine the
proliferation ability of NSCs: 5-Bromo-2-deoxyUridine
(BrDU), Ki-67, CCK-8, and neural dynamic analysis. BrDU
is a thymine nucleotide analog that can replace thymidine,
while Ki-67 is a related antigen of proliferated cells and
both are closely associated with cell mitosis and can be used
as markers of proliferation ability.

As a result, BrDU and Ki-67 immunofluorescence was
performed in the five groups after 48-h transfection as
this was the time when transfected microRNA was highly
expressed in cells. BrDU" and Ki-67" cells accounted for
approximately 90% of the total, implying that most DAPI
cells were NSCs with proliferation ability. The positively
stained cells were then counted, and the statistical results
showed that there was no significant difference in the
proportion of BrDU" and Ki-67" cells (P>0.05). Further,
MiR-140-5p expression did not affect the proliferation ratio
of NSCs (Figure 4A,B).

The results of the CCK-8 experiment showed no
significant difference in the cell viability of the five groups
after statistical analysis (P>0.05), implying that miR-140-5p
did not affect the cell viability of NSCs (Figure 4C).

The diameters of neural spheres were measured 0, 12,
24, and 48 h after transfection using Image] software.
The bigger neural spheres represented faster proliferation
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Figure 2 Neural stem cell (NSC) culture, identification, and differentiation in vitro. (A) Change in cell morphology within 7 days during the
differentiation process. Bar =50 pm. (B) Expression of miR-140-5p after NSC differentiation. (C) Identification of NSCs, neural precursor
cells, astrocytes, and neurons after differentiation, using nestin (green), glial fibrillary acidic protein (GFAP) (green), doublecortin (DCX)
(green), and MAP-2 (red) markers. Bar =50 pm. Data are presented as the mean + SEM (standard error of mean) (*P<0.05).

because single NSCs gathered when they were cultured in 24, and 48 h after transfection in the mimic group (P<0.05).
suspension (Figure 4D). No difference was found 0 h after The other four groups showed no statistical discrepancy,
transfection, but after 12-h transfection, the diameters were indicating that miR-140-5p influenced the proliferation rate

found to be different. The diameters were also shorter 12, of NSCs (Figure 4E).

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(8):671 | http://dx.doi.org/10.21037/atm-21-597



Page 8 of 17

inhibitor

C ;\Bnqht field
yr*

Ding et al. miR-140-5p regulates neurogenesis

20= *

15m=

10=

5= N

miR-140-5p relative expresion

Figure 3 Transient transfection of miR-140-5p into neural stem cells (NSCs). (A) Green fluorescence images of four groups after 48-h

transfection. (B) MiR-140-5p expression in the five groups after 48-h transfection. Data are presented as the mean + SEM (*P<0.05). (C)

Co-localization of the bright field and green fluorescence images of NSCs. Bar =50 pm. Data are presented as the mean + SEM (*P<0.05).

MiR-140-5p inbibited NSC differentiation into neurons,
but promoted differentiation into astrocytes

The differentiation ability of NSCs was then evaluated.
DCX, MAP-2, and GFAP were the markers of neural
precursor cells, neurons, and astrocytes, respectively. After
digestion, NSCs were seeded on the cell slides coated with
PDL after 6 h, while DCX staining was performed after
3 days of differentiation and, MAP-2 staining was
conducted after 7 days. The average fluorescence intensity
was used to analyze the expression and showed DCX and
MAP-2 staining intensity significantly reduced in the mimic

© Annals of Translational Medicine. All rights reserved.

group or the miR-140-5p overexpressed group (P<0.05),
while it increased in the inhibitor group or miR-140-5p
downregulated group (P<0.05). The other three groups
showed no obvious difference (P>0.05), indicating that miR-
140-5p inhibited NSC differentiation into neural precursor
cells and neurons (Figure 5A,B).

GFAP staining was also performed and the result was
contrary to that for DCX and MAP-2. The expression of
GFAP in the mimic group significantly increased (P<0.05),
while it reduced in the inhibitor group compared with the
other groups (P<0.05), implying that miR-140-5p promoted
NSC differentiation into astrocytes (Figure 5C).
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the diameter of neural spheres. (E) Comparison of neural sphere diameters 12, 24, and 48 h after transfection in the five groups. Data are
presented as the mean + SEM (*P<0.05). Bar =50 pm.
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Figure 5 Overexpression of miR-140-5p inhibited differentiation into neurons and promoted the differentiation of neural stem cells
(NSCs) into astrocytes. (A) 4,6-diamino-2-phenyl indole (DAPI) (blue) and doublecortin (DCX) (green) staining of NSCs after 7 days of
differentiation in the five groups. (B) DAPI (blue) and map-2 (red) immunofluorescence of NSCs after differentiation. (C) DAPI (blue) and
glial fibrillary acidic protein (GFAP) (green) result after 7 days of differentiation in the five groups. Bar =50 pm. Data are presented as the
mean + SEM (*P<0.05).
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MiR-140-5p inhibited the expression of synapse-associated
proteins after differentiation

The structure and function of synapses are the basis
of learning and memory. Synapses participate in the
formation and maintenance of synaptic connections and
regulate the release of neurotransmitters in the central
nervous system. Therefore, in addition to the three
markers previously mentioned, the immunofluorescence of
Synapsin I and postsynaptic density protein-95 (PSD-95)
was also performed 7 days after differentiation and found
to be presynaptic and postsynaptic membrane proteins,
respectively. The percentage of positive cells was calculated
in the five groups and showed percentages of Synapsin I
and PSD-957 cells significantly decreased in the mimic
group, but obviously increased in the inhibitor group
(P<0.05). The remaining three control groups showed no
significant difference (P>0.05) (Figure 64,B). It was inferred
that the overexpression of miR-140-5p inhibited the
generation of synapse-associated proteins.

MiR-140-5p inhibited the downstream target of
transcription factor Prox1

The potential mechanism of miR-140-5p was explored.
Generally, the microRNA 5'-UTR sequence made of two
to eight nucleotides is complementary to the 3'-UTR
of the target gene, playing a role in post-transcriptional
regulation and causing mRNA shear degradation and
translation inhibition (16). In a previous study, the dual
luciferase reporter proved that Prox1 was one of the potential
downstream targets of miR-140-5p (6) and many researchers
have reported the influence of Prox1 on neurogenesis, which
served as one of the targets of miR-140-5p (11).

After 48-h transfection with miR-140-5p mimic and
inhibitor, Prox] immunofluorescence and Western blot
analysis were performed and the results showed that the
number of Prox1” NSCs was much less in the mimic group.
However, the number of Prox1* NSCs was much more in
the inhibitor group (P<0.05) (Figure 7A). Six nucleotides in
3'-UTR of Proxl were complementary to the miR-140-5p
sequence (Figure 7B). The result of Western blot analysis was
similar to that of IF, supporting the contention that miR-140-
5p negatively regulated Prox1 (P<0.05) (Figure 7C).

MiR-140-5p activated the ERK/MAPK signaling pathway
The relationship between miR-140-5p and ERK/MAPK
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was explored based on the findings of Prox! in the MAPK
pathway in Drosophila (13) and the bioinformatics analysis
of the miR-140-5p and Ras/Raf-MEK-ERK MAPK
pathway (5). MAPK is a group of highly conserved serine/
threonine protein kinases related to cell growth and
differentiation. This signaling pathway includes three levels
of signal transmission: MAPK, MAPK kinase (MEK or
MKK), and MAPK kinase kinase (MEKK or MKKK).

The expression of p-Erk1/2 and Erk1/2 were evaluated
using IF and Western blot analysis. The protein samples
were collected 48 h after transfection as described
earlier. The fluorescence intensity of p-Erk1/2 increased
significantly in the mimic group but was reduced in the
inhibitor group compared with the control group (P<0.05)
(Figure 84). Western blot analysis result was consistent with
that of IF, but no significant difference was noted in the
ERK1/2 expression between groups (P>0.05) (Figure 8B).

Discussion

The present study demonstrated that miR-140-5p inhibited
NSC proliferation, inhibited their differentiation into
neurons, produced synapse-associated proteins, and
promoted differentiation into astrocytes. MiR-140-5p also
negatively regulated downstream target Prox1 and activated
the ERK/MAPK signaling pathway. This study was novel
in revealing the underlying mechanism of miR-140-5p in
regulating NSC function and provides a theoretical basis for
miR-140-5p regulating neurogenesis and treating cognitive
and affective disorders after nervous system disease for the
following reasons.

Firstly, the expression of miR-140-5p reduced after
differentiation and then basically remained unchanged
during the differentiation process. Later, the proliferation
of NSCs slowed down in the miR-140-5p overexpression
group, implying that miR-140-5p affected the self-division
ability of NSCs and reduced their numbers in the brain.
In the adult brain, the proliferation ability of NSCs is
inherently limited and elevated miR-140-5p expression
after cerebral ischemia inhibited the proliferation of NSCs,
which was harmful to disease recovery (23). Secondly, while
miR-140-5p inhibited NSC differentiation into neurons,
it promoted their differentiation into astrocytes. In the
embryonic and early postnatal stages, most cells can divide
quickly, but in adult mammals, the cell proliferation is
limited within a few stem cells. Activated NSCs in the brain
can self-renew to maintain a stem cell bank and differentiate
into neurocytes for tissue repair. NSCs are the main source
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Figure 6 MiR-140-5p overexpression inhibited the expression of synapse-associated proteins after differentiation. (A) 4,6-diamino-2-phenyl
indole (DAPI) (blue) and Synapsin I (green) result in the five groups after 7-day differentiation. The arrow markers represent Synapsin
I+ cells (B) PSD-95 (green) and MAP-2 (red) result in the five groups after 7-day differentiation. Data are presented as the mean + SEM
(*P<0.05). Bar =50 pm.
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of newborn neurons in the adult mammalian brain, and
these neurons form complex sensory and cognitive functions
thereafter (13). Further, NSCs are generally in a quiescent
state and can be activated under various stimuli and in
brain injuries. The differentiation of NSCs is a complex
and continuous process which sees them first differentiate
into radial glia-like cells and then become intermediate
precursor cells, which have bidirectional potential and the
ability to differentiate into neurons or astrocytes (24).
Thirdly, miR-140-5p inhibited the generation of
synaptic-associated proteins by NSCs. The synapses of
neurons were connected to each other to form an intricate
neural network, which is the structural and functional basis
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of neuronal information transmission in the brain (25). The
integrity of synapses is considered to be the basis of learning
and memory. The terminal of synapses contains many
proteins involved in calcium transport, neurotransmission,
signal transduction, synaptic growth, and synaptic plasticity
and the expression of synapse-associated proteins is related
to the efficiency of substance and information transmission.
In summary, mir-140-5p inhibited the proliferation
of NSCs and their differentiation into neurons and
synapses (26,27).

The inhibition of miR-140-5p can promote the
differentiation of NSCs into neurons by increasing the
content of Prox1, which is the key factor conducive to
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presented as the mean + SEM (*P<0.05). Bar =50 pm.

promoting neurogenesis in the brain, and it help recover
nerve function after cerebral ischemia and hypoxia (19).
While the role of Proxl in the development of the liver,
pancreas, heart, lens, and lymphatic vessels has been
reported in many studies, the significance of Prox! in
developing the central nervous system has also gained
attention in recent years. Prox1 can control the generation
of new granule neurons in the adult hippocampus under
canonical Wnt signaling regulation (28) and prompt the
cell cycle exit and differentiation of NSCs by inhibiting
the Notch pathway (29). As the miR-140-5p downstream
target, Proxl is also important in promoting neurogenesis
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and NSC differentiation into neurons and highly
expressed Proxl can influence the MAPK pathway to
promote the growth and extension of glial cell neurites in
Drosophila (21). However, no studies have investigated
how transcription factor Proxl influences the Erk/
MAPK signaling pathway in NSCs of mice. The Kyoto
Encyclopedia of Gene and Genomes analysis of miR-140-
5p showed that the targets were mainly enriched in the
Ras/Raf-MEK-ERK MAPK pathway.

The results of this studies indicate downregulated
Proxl is involved in inhibiting neurogenesis by activating
the ERK/MAPK signaling pathway in mice. ERK/
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MAPK is a signaling pathway essential for cell growth and
differentiation, and many human neurodevelopmental
syndromes, such as macrocephaly, neurodevelopmental
delay, cognitive impairment, and epilepsy, are related to
abnormal ERK/MAPK activity (30). MAPK is a group of
highly conserved serine/threonine protein kinases that can
be activated by a series of extracellular stimulus signals and
mediate signal transmission from the cell membrane to
the nucleus. MAPK regulate many physiological activities,
such as inflammation, apoptosis, invasion, and metastasis of
tumor cells (31).

Therefore, miR-140-5p inhibited the proliferation and
differentiation of NSCs into neurons by targeting Prox1
via activating the ERK/MAPK signaling pathway. Mir-140-
5p can act as a good diagnostic and therapeutic biomarker
because microRNA can be detected in the peripheral blood
and have many downstream targets. Furthermore, miRNA
is commonly expressed in the brain and has become
one of the effective regulators in multiple processes of
neurogenesis, including NSC proliferation, differentiation,
and cell fate determination (32).

This means the inhibition of miR-140-5p is helpful in the
recovery of neurological function and treatment for many
central nervous diseases by promoting NSC differentiation
into neurons. Nowadays, exogenous NSC transplantation
is considered to hold great promise in curing a variety of
brain illnesses. Some animal studies found that exogenous
NSC transplantation improved the brain function of
mice via intraventricular injection after stroke (33,34).
Clinical studies also proved that NSC transplantation had
neuroprotective effects (35) and improved the neurological
function of patients after stroke (36). Compared with
vascular injection, intraventricular injection conveyed
more NSCs to the infarct area, but as an invasive method
was associated with more trauma (37). Although arterial
injection is more effective than intravenous injection for
intravascular transplantation, the risk of microthrombus
formation is higher (38). Further, most NSCs remain in
the lungs after intravenous injection. Therefore, methods
to provide the safe and effective application of stem cell
therapy requires further research.

The rate of neurogenesis in health adult mammals is very
limited, and endogenous NSCs cannot provide enough cells
to repair the pathological damage caused by central nervous
diseases such as stroke (14). Only some NSCs transplanted
into the brain can differentiate into neurons (36), which
significantly limits the application. However, the inhibition
of miR-140-5p can promote NSC differentiation, which
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improves the effectiveness of stem cell therapy. Despite this,
the regulatory mechanism of NSCs is very complicated,
including the method by which NSCs are injected, the part
of the brain they are input into, and the induction of the
proliferation, differentiation, and migration of NSCs to a
specific part to perform functions (36,38), and a significant
amount of further research is required to fully understand
these factors and the treatment of central nervous disease
as a whole. This study explored the effect of miR-140-
5p on NSCs under normal oxygen conditions. In future
research an oxygen and glucose deprivation model (OGD)
should be established to study how miR-140-5p regulates
neurogenesis under hypoxic ischemia conditions.
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